Three dominant proteins (41, 48, and 49 kDa) were detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in purified preparations of the extracellular aspartyl proteinase (AP) of Candida albicans. All three proteins bound to the specific carboxyl proteinase ligand, pepstatin A, and were associated with maximum AP activity. The N-terminal amino acid sequence for the (26, 31) , is responsible for an increasing number of infections in the immunocompromised host and in patients undergoing invasive surgical procedures (14, 31). In hospitals conducting surveillance of intensive care units, candidiasis was identified as the fourth most common nosocomial disease in the United States (14). The lack of sensitive and specific serologic tests to diagnose disseminated disease contributes to its high incidence of morbidity and mortality (26). Therefore, an understanding of the factors responsible for candidal pathogenicity becomes increasingly important. One factor implicated in candidal pathogenesis is an extracellular hydrolytic enzyme, aspartyl proteinase (AP) (EC 3.4.23.6) (16, 19, 32) .
electrophoresis (SDS-PAGE) in purified preparations of the extracellular aspartyl proteinase (AP) of Candida albicans. All three proteins bound to the specific carboxyl proteinase ligand, pepstatin A, and were associated with maximum AP activity. The N-terminal amino acid sequence for the 48-and 49-kDa proteins matched that reported by others for AP, whereas the sequence for the 41-kDa protein was unique and was not homologous to any known protein. Time course studies demonstrated the simultaneous presence of all three proteins, supporting evidence that the 41-and 48-kDa proteins were not breakdown products of AP. Previous studies did not detect carbohydrate in SDS-polyacrylamide gels of purified AP preparations stained with periodic acid and silver, making glycosylation an unlikely explanation for the observed differences in the molecular masses of the proteins. Some monoclonal antibodies directed against the 49-kDa protein reacted with the 41-and 48-kDa proteins, indicating cross-reactive epitopes. Other monoclonal antibodies, however, reacted only with the 49-kDa protein. We conclude that three pepstatin A-binding proteins occur in purified AP preparations: two have the same amino acid N terminus as that reported for AP, whereas the third has a unique sequence. All three proteins should be considered when undertaking studies to determine the role of AP in candidal pathogenesis or when preparing specific antibodies for antigen capture assays.
Candida albicans, a normally benign, endogenous yeast of the gastrointestinal tract and mucosae (26, 31) , is responsible for an increasing number of infections in the immunocompromised host and in patients undergoing invasive surgical procedures (14, 31) . In hospitals conducting surveillance of intensive care units, candidiasis was identified as the fourth most common nosocomial disease in the United States (14) . The lack of sensitive and specific serologic tests to diagnose disseminated disease contributes to its high incidence of morbidity and mortality (26) . Therefore, an understanding of the factors responsible for candidal pathogenicity becomes increasingly important. One factor implicated in candidal pathogenesis is an extracellular hydrolytic enzyme, aspartyl proteinase (AP) (EC 3.4.23.6) (16, 19, 32) .
Although definition of the precise role of AP in candidiasis awaits site-specific mutagenesis of the corresponding gene, its association with pathogenesis is indicated by several lines of evidence (16, 19, 29) . For example, a nitrous acidinduced, AP-deficient mutant was less virulent for mice than the parent strain. Mouse passage of the mutant resulted in reversion to AP sufficiency and an increased lethality for mice (16) .
Reports characterizing AP have focused on a single extracellular protein of approximately 42 to 45 kDa (1, 24, 28, 32) . Little attention was given to other proteins present in AP preparations (28, 33) , or, in some cases, they were considered to be autolytic by-products (8, 32) . Recent evidence indicates that there may be more than one gene encoding the extracellular AP of C. albicans (42) .
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We identify three dominant proteins in purified AP prep- arations that bind to the specific proteinase ligand, pepstatin A, and describe their characterization by N-terminal amino acid sequence analysis and by reactivity with monoclonal antibodies (MAbs). Such characterization should (i) improve efforts to understand the role of proteinases in candidal pathogenicity since more than one AP may be produced, (ii) facilitate the production of specific anti-AP antibodies for antigen capture assays without interference from extraneous contaminating molecules, and (iii) delineate the immunochemical purity of AP for use as a probe to measure immune responses in candidiasis.
MATERIALS AND METHODS
Proteinase production, purification, and activity assay. Cultures of C. albicans CBS 2730, 36B, and B311 were grown in AP-inducing yeast carbon base broth with vitamins, glucose, and bovine serum albumin (BSA) (17, 22) . Aliquots of culture supernatants were removed daily and tested for AP activity by the enzymatic digestion of BSA (3, 22) . The Bradford method (2) was used to determine total protein with a commercial reagent (Bio-Rad Laboratories, Richmond, Calif.) and human albumin-globulin (Sigma Chemical Co., St. Louis, Mo.) as the standard.
When AP activity reached a maximum [days 8 to 10 of culture; mean number of cells per milliliter, (8.5 ± 0.7) x 108, n = 5], AP was purified from culture supernatants (3-liter volume; mean total protein, 73.8 ± 8.3 mg, n = 5) by a chromatographic series as previously described (22) . Briefly, AP was purified by DEAE-Sephadex A25 anion exchange, Sephadex G75 gel filtration, and rechromatogra-phy on DEAE-Sephadex A25 (22) . Final protein yield was 2.4 + 0.4 mg per 3-liter batch culture (n = 5). Alternatively, AP was purified by pepstatin A column chromatography (15, 22) or by anion exchange, gel filtration, and anion exchange (22) but substituting a Superose 6 gel filtration column for the Sephadex G75 column (13) . AP purified by these methods was used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), amino acid sequence analysis, and antibody production.
SDS-PAGE, immunoblot analysis, and amino acid sequence determination. In preparation for SDS-PAGE, samples containing 1% SDS, 0.01 M dithiothreitol, 10% glycerol, and 0.025% bromophenol blue were heated at 100°C for 5 min. Electrophoresis was performed with a modified discontinuous Tris-borate-sulfate-chloride buffer (46) with 10% homogeneous polyacrylamide gels (dimensions: 177 by 200 by 0.75 mm) and a GE-2/4 LS apparatus (Pharmacia, Uppsala, Sweden). Thioglycolic acid (0.002%) was added to the SDS-PAGE upper chamber buffer to obtain protein bands for amino acid sequencing (20) . SDS-PAGE-resolved bands were stained with silver (21, 25, 44) (10, 20, 27) .
Immunization of mice with AP and production of antibodies. Purified AP in complete Freund's adjuvant was used to immunize CFW or BALB/c female mice (Charles River Laboratories, Wilmington, Mass.) for the production of polyclonal antibodies (22) . Use of complete Freund's adjuvant was necessary for the optimal production of antibodies to AP in our model system. Mice used for the production of hybridomas were immunized with purified AP excised from 10% SDS-polyacrylamide gels (71 ,ug of AP per gel) and emulsified with complete or incomplete Freund's adjuvant. The immunization schedule used was as previously described (22) , except that 1 week following the third injection, mice were immunized subcutaneously with AP in incomplete Freund's adjuvant and given booster immunizations 3 days before cell fusion by intraperitoneal injection of gel-excised AP (without complete or incomplete Freund's adjuvant).
Mice that were positive for anti-AP antibodies by immunoblot analysis were used for MAb production as described below or injected with sarcoma 180/TG cells to induce polyclonal antibody-containing ascitic fluid (38) . Polyclonal antibodies were purified from ascitic fluid by column chromatography (22) .
Hybridomas were produced by fusing spleen cells from AP-immunized BALB/c mice with Sp2/0 myeloma cells by standard methods (39) . On day 14, culture medium from each well was screened for anti-AP antibodies by immunoblot analysis (46) . Selected positive clones were propagated and frozen for storage (39) . (1, 24, 28, 33) . We used a modification (13, 22) of the method of Remold et al. (30) or a pepstatin A-agarose column (15, 22) because each of these methods reportedly results in a single protein product. Analyses of the purified products derived from our use of these methods are described below.
Analysis of purified AP by large-format SDS-PAGE. Unpurified culture supernatants and AP purified by anion exchange, gel filtration, and anion exchange (22) were electrophoresed with a large-format gel apparatus and stained with silver. Numerous proteins were observed in the concentrated, unpurified culture supematant (Fig. 1, lane 1) . In contrast to the single protein detected by the PhastSystem (Pharmacia) (22) , three dominant proteins were observed in the final, purified AP preparation (indicated by lettered arrows A, B, and C; Fig. 1, lanes 2 to 5) . The (Fig. 1 , compare lanes 1 and 2). The diminution of the 41-kDa protein relative to the 48-and 49-kDa proteins occurred after passage of AP through the first DEAE-Sephadex A25 column (data not shown), which suggests that the 41-kDa protein was being removed, in part, by a greater affinity for DEAE-Sephadex. However, this could not be substantiated experimentally when the primary DEAE column was stripped with high salt (2 M NaCl). The resulting release of residual, more tightly bound AP revealed no differences in the banding pattern or banding intensities by SDS-PAGE for this eluate compared with those containing AP which eluted more easily (data not shown).
Pepstatin A-agarose chromatography of AP. A functional role for the 41-, 48-, and 49-kDa proteins was obtained by using a pepstatin A-agarose column to purify AP. Binding of AP to and elution from pepstatin A-agarose resulted in the elution of three dominant proteins of the same molecular masses as those observed for AP purified by anion exchange and gel filtration (Fig. 1, compare lanes 2 to 5 with lane 6) . The 41-kDa protein band, however, was intensified in the pepstatin A-purified preparation (Fig. 1, lane 6 proteins in the unpurified culture supernatant did not bind to pepstatin A, a specific carboxyl proteinase ligand (Fig. 1,  compare lanes 1 and 6) .
Time course for AP production. A functional role for the 41-, 48-, and 49-kDa proteins was also indicated by analysis of the time course for AP production. Figure 2A depicts the increase in AP activity over time (bars) and the corresponding degradation of total protein during culture (line). Largeformat SDS-PAGE (Fig. 2B) revealed proteins corresponding to those observed previously for purified AP (letters A, B, and C in Fig. 1 ). The AP-related proteins appeared on day 4, a time when AP activity was nascent ( Fig. 2A) . Band intensity for all three proteins increased with time until day 8 of culture (the day of peak detectable AP activity) and disappeared as activity declined (day 14) (Fig. 2B) . Multiple proteins with a banding pattern identical to that in Fig. 1 were observed when extracellular AP was purified from two other strains of C. albicans (36B and B311), indicating that these proteins are not peculiar to one Candida strain (data not shown).
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Amino acid analysis of AP bands. Amino acid sequencing was performed on the three dominant proteins obtained after purification of AP by anion exchange, gel filtration, and anion exchange, separation by SDS-PAGE, and transfer to Immobilon membranes. The 48-and 49-kDa proteins (Fig. 1 , lanes 1 to 5, letters A and B) had identical N-terminal amino acid sequences: QAVPVTLHNEQVTYA. The corresponding 48-and 49-kDa proteins obtained after pepstatin A chromatography, SDS-PAGE, and Immobilon blotting also had this N-terminal amino acid sequence.
In contrast, the 41-kDa protein (Fig. 1 , letter C, lanes 1 to 4 and lane 6) had an N-terminal amino acid sequence that differed from that of the 48-and 49-kDa proteins: GTVQTS LINE. This sequence was obtained for the 41-kDa protein when AP was recovered from Immobilon blots of SDS-PAGE-separated AP purified by either pepstatin A-agarose or by anion exchange, gel filtration, and anion exchange. Table 2 compares the N-terminal amino acid sequences reported by others for AP and the N-terminal amino acid sequences for the 41-, 48-and 49-kDa proteins from our purified AP preparations. Whereas the N-te rminal amino acid sequences of the 48-and 49-kDa proteins are identical to that reported for AP by several investigators (8, 29, 42) , the 41-kDa amino acid sequence is unique in that it was not 100% homologous to any known protein sequence listed in GenBank in any of six reading frames (5) . The N-terminal amino acid sequence for the 41-kDa protein was, however, 40% identical to the reported AP sequence and contained 60% similar (chemically or by size of side chain) amino acids ( Fig.  1 and 3 ). Positive control antibodies (polyclonal anti-AP antibodies) reacted with the 41-, 48-, and 49-kDa proteins as well as others in the unpurified culture supernatants (Fig. 3 ).
All MAbs reacted with the 49-kDa protein, whereas some MAbs reacted with one, two, or a few bands in the 41-to 49-kDa range (Fig. 3) . Lack of reactivity with a 48-kDa cytoplasmic antigen of C. albicans. Purified AP did not react in immunoblots with an immunoglobulin A MAb raised against a 48-kDa cytoplasmic protein antigen of C. albicans (41) , nor with rabbit antiserum raised to mannan-depleted C. albicans cytoplasmic extract (40) , nor with rabbit monospecific polyclonal antiserum raised against the 48-kDa antigen, indicating that none of the proteins in our AP preparations are synonymous with the major 48-kDa cytoplasmic antigen described by Strockbine et al. (40) .
DISCUSSION
We detected three pepstatin A-binding proteins in purified AP preparations. Previous reports suggested that C. albicans produces a single, extracellular proteinase with a molecular mass of 41.5 to 45 kDa (1, 19, 24, 30, 32) . The discrepancy between these reports and ours may be due to several factors. First, the protein-staining methods used by other investigators were amido black (30) , Coomassie blue (1, 24, 32) , and Page blue (19) . These methods are as much as 100-fold less sensitive than silver staining for detecting most proteins (21, 25) . Thus, multiple proteins in purified AP preparations might have gone undetected.
The composition of the gel (percent polyacrylamide used and homogeneous versus gradient), the quantity of protein loaded per lane of gel, the gel apparatus, and the format (size) of the gel also affect the number of proteins detected in purified AP preparations (22, 22a (8, 32) . Since AP has been reported to undergo autolysis, the additional proteins were considered to be breakdown products (8, 32) .
The presence of multiple proteinases observed in our AP preparations is unlikely to be due to mixed cultures since stock cultures originated from single-cell isolations. Also, whereas strain-to-strain variations in proteinase activity and substrate specificity have been reported (36) , the molecular masses of the isolated proteinases have been the same within a species (36).
The 48-and 49-kDa proteins detected in our AP preparations shared identical N-terminal amino acid sequences with those reported by three other research groups for the extracellular AP of C. albicans (8, 29, 42) . The N-terminal amino acid sequence for the 48-and 49-kDa proteins is identical to that reported by Sullivan and Wright (42) (42) .
The amino acid sequence for the AP of C. albicans has been suggested to vary among strains (35) . Based on data accumulated from several laboratories, it is more likely that groups of C. albicans strains exist which produce APs with similar amino acid sequences (i.e., strains 10261, SC5314, and CBS 2730) and others which produce APs with dissimilar ones (strains 10231 and 74). On the other hand, strainto-strain variation in AP substrate specificities and degradation profiles has also been demonstrated (36) .
Alternatively, a given strain may possess one or more genes for the extracellular form of AP in C. albicans. This was suggested for strains 10261 and 10231 (42) . Recently, two intracellular forms of AP were identified (11) . The extracellular release of these intracellular forms, however, has not been described. (8, 42) . In addition, the 41-kDa protein sequence did not give identity with any known sequence in GenBank (5) and is therefore unique.
Since the 41-kDa protein contains an active site that allows it to bind to pepstatin A, by convention it is classed as a carboxyl proteinase (EC 3.4.23.6 ). In addition, the 41-kDa protein had 40% N-terminal amino acid sequence homology and 60% similar amino acid composition (4) and alignment to that reported for AP (8, 29, 42) . Also, at the primary structure level, the 41-kDa protein shows similarity to other APs: the 41-kDa protein N-terminal amino acid sequence begins with a glycine (7, 9, 18, 47) and the L-X-N sequence motif, which is frequently found in the N-terminal structure of other APs (7-9, 18, 23, 42, 47) , is also present in the 41-kDa protein ( Isoelectric focusing did not resolve the 41-, 48-, and 49-kDa proteins in purified AP preparations; rather, all shared a pl of 4.5 after initial focusing and 4.1 upon refocusing (22a). Others who have used isoelectric focusing have reported that AP has a pI which equals 4.5 (29) . Based on our observations, isoelectric focusing alone is not sufficient for resolving multiple proteins present in AP preparations. Attempts to recover AP activity from the 41-, 48-, and 49-kDa proteins separated by SDS-PAGE were unsuccessful (22a), most probably because of the reported irreversible denaturation of AP by the alkaline conditions used during electrophoresis (34) .
No protein from purified AP preparations reacted in immunoblot analysis with an immunoglobulin A MAb raised against the 48-kDa cytoplasmic antigen described by Strockbine et al. (41) or with rabbit polyclonal antibodies raised against the 48-kDa antigen (40) . These results indicate that no protein in the purified AP preparations corresponds to the 48-kDa cytoplasmic antigen, despite the proximal molecular mass.
We described the presence of three proteins in purified AP preparations. Two (48 and 49 kDa) have N-terminal amino acid sequences identical to that reported for the secreted AP of C. albicans (8, 42) . The other (41 kDa), having a different amino acid sequence, binds to the specific proteinase ligand, pepstatin A, and 'shares epitopes with the 48-and 49-kDa proteins when tested with polyclonal antibodies a'nd some MAbs raised against purified AP.
This report emphasizes the need to use stringent conditions for the separation and identification of proteins in purified AP preparations. Further studies are in progress to determine the possible role of the 41-kDa protein in C. albicans pathogenicity and to delineate the relationship among the 41-, 48-, and 49-kDa proteins by peptide mapping experiments.
